Previously we reported that pretreatment of rats with the substance P (SP) antagonist CP-96,345 inhibits the enterotoxic responses following administration of toxin A from Clostridium difficile into ileal loops, indicating that SP participates in the intestinal responses to this toxin. We now report that injection of toxin A into rat ileum causes a rapid increase in SP content in lumbar dorsal root ganglia (DRG) and mucosal scrapings 30-60 min after toxin A administration. Toxin A-mediated f luid secretion, mannitol permeability, and ileal histologic damage is significantly increased only after 2 hr. Toxin A also causes an increase in the abundance of SP mRNA in lumbar DRG and ileal mucosa as measured by reverse transcription-PCR. Lamina propria macrophages (LPMs) obtained from toxin A-injected loops release greater amounts of tumor necrosis factor ␣ (TNF␣) and SP as compared with LPMs isolated from buffer-injected loops (P < 0.01). Pretreatment of rats with the SP antagonist CP-96,345 inhibits toxin A-mediated TNF␣ release from isolated LPMs, whereas an inactive enantiomer (CP-96,344) of the SP antagonist has no effect. LPMs obtained from toxin A-injected ileal loops incubated in vitro with SP (10 ؊8 to 10 ؊9 M) show enhanced TNF␣ secretion, whereas LPMs isolated from buffer-injected loops do not respond to SP. In addition, LPMs obtained from toxin A-injected ileal loops incubated in vitro with CP-96,345 showed a diminished TNF␣ release. Our results indicate that activated LPMs secrete SP during toxin A enteritis that can lead to secretion of cytokines, suggesting an autocrine͞paracrine regulation of cytokine secretion by SP from LPMs during intestinal inf lammation.
Substance P (SP), an 11-aa peptide member of the tachykinin family originally isolated by Chang and Leeman (1) , is a peptide distributed throughout the central and peripheral nervous system. In the intestine, SP has been found in capsaicin-sensitive sensory neurons (2) , enteric neurons (3), as well as intestinal enteroendocrine cells (4) . SP is also synthesized in the cell bodies of the dorsal root ganglia (DRG) (5) , and evidence indicates that release of SP from DRG to spinal cord mediates nociceptive and inflammatory stimuli (6) (7) (8) . Recently, Reinshagen et al. (9) reported decreased levels of SP in the DRG of rabbits 48 hr after induction of colitis, suggesting that SP may be released from sensory neurons during the acute phase of inflammation. However, there are no studies specifically evaluating the SP content in the DRG during acute intestinal inflammation mediated by bacterial enterotoxins.
In addition to its role as a neurotransmitter, SP also participates in immune and inflammatory responses. Mast cells (10) , polymorphonuclear leukocytes (11) , T lymphocytes (12, 13) , and macrophages (14) can respond to SP, indicating that the effects of SP during inflammation may be mediated by direct activation of these cells. SP levels are also elevated in inflamed tissues (15) (16) (17) , and increased binding sites for SP have been demonstrated at sites of inflammation in conditions such as arthritis (18) and Crohn disease (19) . In regard to intestinal inflammation, studies from our laboratory indicate that SPcontaining sensory neurons are involved in the enterotoxic effects of Clostridium difficile toxin A, the causative agent of antibiotic-associated enterocolitis in animals and humans (20) . Pretreatment of rats with capsaicin, an agent that leads to depletion of neurotransmitters from primary sensory neurons, inhibits fluid secretion and intestinal inflammation mediated by injection of toxin A into ileal loops (21) . Furthermore, pretreatment of rats with the specific SP nonpeptide antagonist CP-96,345, but not with its inactive enantiomer, almost completely prevents toxin A-induced fluid secretion, increased mucosal permeability, mast cell degranulation, and mucosal neutrophil infiltration (22) . Mantyh et al. (23) , using another SP antagonist, confirmed that SP released from sensory neurons mediates toxin A-induced ileal histologic damage. Interestingly, injection of the SP antagonist 10 min after intraluminal injection of toxin A did not inhibit the enterotoxic effects of toxin A (22) , suggesting that SP is involved in the early stages of toxin A-induced enteritis. These results strongly support participation of SP in enterotoxin-mediated intestinal secretion and inflammation. However, the cellular sources of SP in this animal model have not been investigated.
Macrophages are implicated in the pathophysiology of intestinal inflammation. Lamina propria macrophages (LPMs) in the intestinal mucosa of patients with Crohn disease and ulcerative colitis are activated (24, 25) . Activation of LPMs results in the release of tumor necrosis factor ␣ (TNF␣) and other mediators that can directly stimulate intestinal ion transport (26, 27) , suggesting a role for these cells in the pathophysiology of inflammatory diarrhea. A number of recent studies have indicated that SP and its receptor may be important in the modulation and amplification of macrophage function. For example, SP stimulates production of IL-1 from human blood monocytes (28) and there is an enhanced response of activated monocytes to SP (29) . Bost et al. (30) reported that rat peritoneal macrophages express mRNAs encoding both SP and its receptor and that the abundance of these mRNAs is increased after stimulation with lipopolysaccharide (LPS). These results provide a pathway for autocrine͞paracrine effects of SP in the activation of peritoneal macrophages. However, no reports directly demonstrate a SP-macrophage interaction during acute intestinal inflammation. We report here that administration of toxin A into rat ileal loops causes an increase in SP concentration in the intestinal mucosa and lumbar DRG and an increased responsiveness of LPMs to SP during toxin A enteritis. We also present evidence of an autocrine-paracrine interaction in activated LPMs that is mediated by SP.
MATERIALS AND METHODS

Materials. [
3 H]mannitol (30 Ci͞mmol; 1 Ci ϭ 37 GBq) was obtained from New England Nuclear. Toxin A was purified to homogeneity from broth culture supernatants of C. difficile strain 10,463, as described (31) . Enterotoxicity and cytotoxicity of toxin A were assessed as described (32, 33) . A dose of 5 g of purified toxin A was used in all experiments since previous studies showed that this dose induces fluid secretion, increases mannitol permeability, and causes an acute inflammatory infiltrate in rat ileal loops in vivo (21, 22, (31) (32) (33) . SP was purchased from Phoenix Laboratories (Belmont, CA), whereas the SP antagonist CP-96,345 and its 2R,3R inactive enantiomer, CP-96,344, were generously provided by Pfizer Diagnostics. The SP antagonist was dissolved in 0.9% saline immediately before use and injected i.p. Sodium pentobarbital was purchased from Abbott. Protein concentrations were determined by the bicinchoninic acid protein assay reagent (Pierce).
Methods. Preparation of ileal loops and measurement of fluid secretion, mannitol permeability, and histologic damage. Fasted male Wistar rats (200-250 g) (Charles River Breeding Laboratories) were anesthetized by an i.p. injection of pentobarbital (35 mg͞kg). Laparotomy was then performed and 2-3 closed, 5-cm-long ileal loops for each animal were formed and injected with either toxin A (5 g) in 0.4 ml of 50 mM Tris buffer or buffer alone as previously described (22) . Before toxin A injection, the renal pedicles were tied and 10 Ci of [ 3 H]mannitol was injected into the inferior vena cava. The abdomen was then closed and body temperature maintained at 37ЊC by a heating pad. At the indicated time points, animals were killed by a bolus i.p. of pentobarbital (120 mg͞kg), the ileal loops were removed, their weights and lengths were recorded, and fluid contents were collected. Mucosal permeability to mannitol and fluid secretion were estimated as described (21, 22) . Full thickness section of loops were fixed in formalin, paraffinembedded, and stained with hematoxylin and eosin, and histologic severity of enteritis was graded in a ''blinded fashion'' by a gastrointestinal pathologist (S.N.), as described (22) . (This study was approved by the Beth Israel Deaconess Medical Center and Boston University Medical Center Institutional Animal Care and Use Committee).
Measurements of SP content in lumbar dorsal root ganglia and intestinal mucosa scrapings. Toxin A-or buffer-injected loops were surgically removed, cut longitudinally, and washed in icecold Hanks' balanced salt solution (HBSS, Sigma). The mucosa was then scraped from the underlying muscularis and homogenized in 2 ml of ice-cold 0.1 M of HCl for 20 sec. The homogenate was centrifuged at 15,000 ϫ g (15 min at 4ЊC) and the supernatant collected. To collect the lumbar DRG, the lumbar column was incised bilaterally, and, using ultra fine forceps, the lumbar DRG from each side of the animal were removed (6-8 per animal), pooled, and processed as described above for intestinal mucosal scrapings for determination of SP content. To determine SP levels, samples were absorbed on C18 cartridge columns (Waters, Cambridge, MA) that had been washed with 10 ml of methanol and then equilibrated with 0.1% trifluoroacetic acid (TFA). Samples diluted 1:1 with 0.2% TFA were slowly loaded onto the column, and the column was then washed with 10 ml of 0.1% TFA. Adsorbed peptides were then eluted with 1.5 ml of 75% acetonitrile. Samples were freeze-dried and reconstituted in 0.5 ml of sample buffer. SP content was determined using a commercially available EIA kit (Peninsula Laboratories) following the instructions of the manufacturer, and results were expressed as pmol͞mg protein.
Total RNA extraction and reverse transcription-PCR (RT-PCR) amplification for SP mRNA. Rat ileal loops were formed and injected with buffer or toxin A as described above. Animals were killed at different time points, the loops were removed and washed in ice-cold HBSS, and both the mucosa scrapings and lumbar DRG were collected as described above. Total RNA from these samples was isolated by the acid guanidinium thiocyanate͞ phenol͞chloroform extraction method as described by Chomczynski and Sacchi (34) and RNA integrity was tested by 1% agarose formaldehyde gel electrophoresis. cDNA was prepared by reverse transcribing 1 g of total RNA as described (35) . All RT-PCRs were performed in a 50-l reaction volume containing 1 l of the cDNA mix as described (35) . [ 32 P]dCTP (0.25 l) (3,000 Ci͞mmol, New England Nuclear) was added to the reaction mixture to radiolabel the products of the amplification reaction. The temperature profile for the RT-amplification reaction and the sequence for SP primers were as previously reported by Crofford et al. (36) . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers, used as an internal standard, were purchased from CLONTECH. The experimental conditions for amplification were as described by Tso et al. (37) with 25 amplification cycles. The amplification reactions (10 l) were analyzed directly on a 3.5% or 5% polyacrylamide gel in a Tris͞EDTA buffer. The gels were then dried and exposed to Kodak X-Omat AR film (Eastman Kodak) to visualize amplification products.
Effect of SP-antagonist on toxin A-induced TNF␣ release from intestinal macrophages.
Rats were injected with CP-96,345 or CP-96,344 (2.5 mg͞kg), or saline (i.p.). Ten minutes later ileal loops were prepared and injected with either buffer or toxin A. LPMs were purified 1 hr after toxin A injection by a modification of the method previously described by Sperber et al. (38) . Briefly, ileal loops were removed, washed in sterile HBSS, cut into small pieces (2 ϫ 2 mm) and incubated (Ϸ90 min at 37ЊC) in Ca 2ϩ -and Mg 2ϩ -free HBSS supplemented with 5% heat inactivated fetal calf serum (FCS; HyClone), penicillin (100 units per ml), streptomycin sulfate (100 g͞ml), Hepes buffer (1 mM), and EDTA (1 mM) with continuous gentle stirring to remove epithelial cells. The medium was changed until no epithelial cells were seen in the medium under light microscopy. The tissue was then washed extensively with HBSS and incubated in R-10 medium [RPMI medium 1640 (Fisher) without phenol red, supplemented with 10% heat-inactivated FCS, penicillin (100 units per ml), streptomycin sulfate (100 g͞ml), and glutamine (2 mM)] containing Dispase (Boehringer Mannheim; 3 mg͞ml) and DNase I (0.1 mg͞ml). After 1.5 hr of incubation at 37ЊC with gentle, constant stirring, cells released in the supernatant were collected by centrifugation (600 ϫ g for 10 min). Lamina propria mononuclear cells were purified by centrifugation through a discontinuous density gradient made up with Percoll (Pharmacia). Percoll solutions (44% and 67%) were prepared by diluting the stock solution (45 ml Percoll and 5 ml of 10 ϫ PBS) in R-10 medium. Cells were first resuspended in the 44% Percoll solution, and 6 ml of this cell suspension was gently overlayered on 3 ml of the 67% Percoll solution. This mixture was then centrifuged (600 ϫ g for 20 min), and lamina propria mononuclear cells migrating at the interface were collected and washed twice in HBSS. The cells were then resuspended in R-10 medium and seeded at a density of 5 ϫ 10 5 per well onto 24-well tissue culture plates (Primaria, Becton Dickinson). After 2 hr, wells were washed extensively to remove nonadherent cells, and adherent macrophages were incubated in fresh medium. Cells were determined as Ͼ95% pure macrophages͞monocytes by cytostaining with ␣-naphtyl acetate esterase (Sigma) and immunostaining with a mouse monoclonal antibody (BioSource International, Camarillo, CA) directed against a 97-kDa protein specific for rat macrophages (39) . Cell viability in the end of the experiments was Ͼ90% as determined by Trypan blue exclusion.
Measurement of TNF␣. TNF␣ release from macrophage culture supernatant was determined by measuring its cytotoxic effect on WEHI 164 cells, as reported by Chung and Benveniste (40) , by using recombinant mouse TNF␣ (Genzyme) as the internal standard. WEHI 164 cells were harvested and resuspended at a concentration of 4 ϫ 10 5 cells per ml in R-10 medium containing 0.9 g͞ml of actinomycin D-mannitol (Sigma). One hundred microliters of this cell suspension was seeded onto 96-well tissue culture plates (4 ϫ 10 4 cells per well), and 100 l of either sample or standard in triplicate was added to the wells and incubated at 37ЊC for 16 hr. After incubation was completed, cell viability was assessed using the MTT tetrazolium (Sigma) cytotoxicity assay. Briefly, 10 l of MTT solution (5 mg͞ml in 0.9% saline) was added to each well and incubated at 37ЊC for 4 hr. One hundred microliters of the supernatant was removed and replaced with 200 l of isopropanol containing 0.04 N HCl to solubilize the dark blue formazan crystals precipitated into the mitochondria of metabolically active cells. The plates were analyzed on a microplate reader (Dynatech) at a wavelength of 570 nm. Results were expressed as pg of TNF␣ released per 5 ϫ 10 5 cells. Measurement of SP release and identification of SP mRNA in lamina propria macrophages. Intestinal macrophages were obtained from buffer-or toxin A-injected ileal loops as described above. LPMs (2 ϫ 10 6 ) were seeded in 60-mm dishes and, after 2 hr of incubation, extensively washed with sterile HBSS to remove nonadherent cells. Adhered macrophages were incubated in fresh medium for an additional 4 hr; the conditioned medium was then collected to measure SP content as described above, whereas total cellular RNA was extracted from adhering macrophages. cDNA was prepared as described above and the expression of SP mRNA was detected by RT-PCR as described above.
Effect of SP on TNF␣ release from lamina propria macrophages. LPMs obtained from buffer-or toxin A-injected loops were incubated (4 hr at 37ЊC) in fresh medium alone or medium containing 10 Ϫ7 to 10 Ϫ10 M of SP. In some experiments the SP antagonist CP-96345 (3 nM) or the same concentration of its inactive enantiomer CP-96,344 was added to the medium 10 min prior to the addition of SP (10 Ϫ9 M). After 4 hr, the medium was collected and TNF␣ release was measured as described above. In separate experiments, LPMs obtained from toxin A-injected loops were incubated in the presence of 3 nM of the SP antagonist CP-96345 or its inactive enantiomer CP-96344, and after 4 hr the medium was collected to determine TNF␣ as described above.
Statistical analyses. Statistical analyses were performed using SIGMASTAT (version 1.0, Jandel, San Rafael, CA). ANOVA was used for intergroup comparisons. The enterotoxic effects of toxin A in rat ileal loops were assessed by measuring fluid secretion and blood-to-lumen mucosal permeability to mannitol, and by histologic examination. Injection of toxin A into ileal loops had no significant effect in any of the intestinal responses 30 min following toxin administration (Table  1) , whereas after 1 hr only tissue neutrophil infiltration was significantly increased (Table 1 ). However, after 2 hr toxin A caused significant increases in secretion, mucosal permeability, and histologic damage, and after 4 hr further increases in all these FIG. 1. Toxin A increases SP content and SP mRNA levels in rat ileal mucosa. (a) Rat ileal loops were injected with either 5 g of toxin A or buffer (control). At the indicated time intervals (2 hr after buffer injection) animals were killed, ileal loops were removed, and ileal mucosa was scraped and processed for measurements of SP content using an immunoenzymatic assay. Six to eight loops were tested for each time point. Results are expressed as pmol of SP per mg protein (mean Ϯ SEM). ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01 vs. control. (b) Total RNA was purified from ileal mucosa scrapings obtained at the indicated time points. PCR of reverse transcribed cDNA was performed as described using specific primers for SP͞PPT (40 cycles) or GAPDH (25 cycles). The PCR primers for SP͞preprotachykinin were designed to detect the ␣, ␤, and ␥ forms of the PPT mRNA (36) . [ 32 P]-labeled PCR products were electrophoresed on 3.5 or 5% native polyacrylamide gels (depending on the size of the product), and autoradiograms were obtained. Arrows indicate specific SP mRNA fragments and their sizes in base pairs (bp). Negative controls performed with no RNA added to the reverse transcription, or no reverse transcriptase yielded no detectable fragments with any primer pairs. Rat ileal loops were injected with either 5 g of toxin A or buffer (control). At the indicated time intervals, loops were excised and fluid secretion was assessed by loop weight to length ratio (mg:cm). Intestinal permeability to mannitol was estimated by scintillation counting of aliquots of loop samples, and results were expressed as dpm per cm of loop. Ileal tissues were also processed for histologic examination as described. The histologic severity of enteritis was graded by a score of 0-3 for epithelial cell damage, congestion and edema of the mucosa, and neutrophil infiltration. Data are expressed as mean Ϯ SE. Number of loops tested (n) were 6-12 per group. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01 vs. control. parameters were measurable (Table 1) . Toxin A also caused a time-dependent increase in SP content in the ileal mucosa (Fig.  1a) ; mucosal SP levels were increased approximately twofold (P Ͻ 0.05) 1 hr after toxin A injection and further increased approximately three-to fourfold (P Ͻ 0.01) after 2 hr. When we examined the time-course effect of toxin A on the abundance of mucosal SP mRNA, our results showed that SP mRNA mucosal levels were elevated 2 hr after toxin A administration (Fig. 1b) .
RESULTS
Time
Time-Dependent Increase in the Abundance of SP mRNA and SP Content in the Lumbar DRG after Ileal Toxin A Administration. A possible source of the increase in SP in the intestinal mucosa following toxin A exposure are sensory afferent fibers (2, 3) . We (21) and others (23) previously reported that sensory afferent neurons are involved in toxin A-induced enteritis. Since the bodies of ileal sensory neurons are located in the lumbar DRG (2, 3), we determined whether administration of toxin A into ileal loops would have an effect on SP content in lumbar DRG. The results show that the abundance of SP mRNA in the lumbar DRG was increased 1 hr after toxin A administration and further increased after 2 hr (Fig. 2b) . SP levels in the lumbar DRG were also significantly increased 30 min after toxin A injection and further increased after 1 hr (Fig. 2 a) . Two hours after toxin A administration SP levels in the DRG declined, but still remained higher as compared with controls (Fig. 2 a) .
Lamina Propria Macrophages Release Increased SP. LPMs obtained from toxin A-injected ileal loops released in vitro significantly higher amounts of SP as compared with the amount of SP released from LPMs obtained from bufferexposed loops (Fig. 3a) . LPMs isolated from toxin A-injected loops also showed increased levels of SP mRNA as compared with controls (Fig. 3b) .
Inhibition of Toxin A-Induced Lamina Propria Macrophage Activation by Administration of the SP Antagonist CP-96,345 in Vivo. To determine whether intestinal macrophages are activated during toxin A-induced enteritis we measured TNF␣ release from LPMs obtained from toxin A-injected ileal loops. Fig. 4a shows that macrophages obtained from toxin A-injected loops released significantly higher amounts of TNF␣ as compared with macrophages obtained from control loops (Fig.  4) . Injection of the SP antagonist CP-96,345 to animals 10 min prior to intraluminal administration of toxin A, but not its inactive enantiomer, significantly inhibited TNF␣ release from LPMs measured at 4 hr (Fig. 4b) .
FIG. 2.
Toxin A increases SP content and SP mRNA in rat lumbar dorsal root ganglia. (a) Rat ileal loops were prepared and injected with either 5 g toxin A or buffer (control) and animals were killed at the indicated time points (2 hr after buffer injection). Lumbar DRG from each side (n ϭ 6-8) were removed, and SP content was measured by immunoenzymatic assay. Each bar represents the mean Ϯ SEM of six to eight different determinations for each time point. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01 vs. control. (b) Total RNA extracted from lumbar DRG was reverse transcribed as described. RT-PCR was performed using primers specific for SP͞PPT (40 cycles) or GAPDH (25 cycles). [ 32 P]-labeled PCR products were electrophoresed on 3.5 or 5% native polyacrylamide gels (depending on the size of the product) and autoradiograms were obtained. Arrows indicate the specific SP mRNA fragments and their sizes in bp. Negative controls were performed as described in Fig. 1b.   FIG. 3 . Toxin A increases release of SP and stimulates SP mRNA expression from LPMs. (a) Rat ileal loops were injected with either toxin A or buffer. After 1 hr, LPMs were purified and placed in tissue culture (6 hr at 37ЊC) as described. SP released into the culture medium was measured by an immunoenzymatic assay. Each bar represents the mean Ϯ SEM of values derived from six to eight animals, each with quadruplicate determinations for each experimental condition. ‫,ء‬ P Ͻ 0.01 vs. control. (b) Total RNA was extracted from LPMs after 2 hr of culture in vitro and reverse transcribed to obtain cDNA as described. SP/preprotachykinin mRNA was measured by RT-PCR as described in legend to Fig. 2b .
TNF␣ Release from Activated Lamina Propria Macrophages in Vitro
Is Mediated by SP. To examine whether cytokine release from activated LPMs in vitro is mediated by SP we measured TNF␣ release from LPMs obtained from toxin A-injected loops in the presence of the SP antagonist in the cell medium. Our results (Fig. 5) show that incubation of activated LPMs with the SP antagonist CP-96,345 significantly inhibited the release of TNF␣, whereas the inactive enantiomer of the SP antagonist had no significant inhibitory effect (Fig. 5) .
Increased Responsiveness of Activated Lamina Propria Macrophages to SP in Vitro. Because previous studies indicated that activated peritoneal macrophages are able to respond to SP (14), we next examined the effect of SP on lamina propria macrophages obtained from buffer or toxin A-injected loops. Macrophages isolated from buffer-injected loops exposed to various doses of SP (10 Ϫ7 -10 Ϫ10 M, n ϭ 6-8 per group) did not show increased TNF␣ release. In contrast, macrophages isolated from toxin A-injected loops showed increased TNF␣ release in response to 10 Ϫ8 and 10 Ϫ9 M of SP (by 27% and 25%, respectively, n ϭ 6-7 per group, P Ͻ 0.05). This effect of SP can be partially inhibited by incubating LPMs with the SP antagonist CP-96,345 30 min prior to addition of 10 Ϫ8 M SP (by 57%, P Ͻ 001, n ϭ 6), whereas its inactive enantiomer CP-96,344 (n ϭ 6) had no inhibitory effect.
DISCUSSION
We demonstrate here that injection of C. difficile toxin A into ileal loops causes an early (30 min) increase in SP mRNA and SP peptide concentration in lumbar DRG after intraluminal administration of C. difficile toxin A (Fig. 1) , indicating increased synthesis of SP in lumbar DRG in response to the toxin. Thus, following application of toxin A to the intestinal lumen, there is a rapid communication to the cell bodies in the DRG via intestinal sensory neurons. Interestingly, these responses occur prior to changes in fluid secretion, mucosal permeability to mannitol, and histologic evidence of enteritis in response to toxin (Table 1) . These results are in agreement with previous observations that SP-containing sensory neurons are involved in the intestinal effects of this toxin (21) (22) (23) .
There have been conflicting reports of changes in the content of SP in tissues of the intestinal tract in response to inflammation (17, (41) (42) (43) . These differences may be explained by differences in the experimental conditions, particularly the time after the initiation of the inflammatory response. However, the results presented here clearly show increased mucosal mRNA and SP peptide following administration of toxin A into ileal loops (Fig. 2) . SP-containing sensory neurons may serve as a source of increased SP measurable in the intestinal mucosa after toxin A administration.
We demonstrate here most likely for the first time that the abundance of the mRNA encoding for SP also increases in intestinal macrophages in response to toxin A administration, and that these macrophages incubated in vitro release increased amounts of SP as determined by radioimmunoassay (Fig. 3) . These results provide evidence that LPMs must be considered as a source of SP in C. difficile toxin A-mediated enteritis. Several other studies show that immune and inflammatory cells synthesize and release SP, including rat peritoneal macrophages (30) , the murine macrophage cell line P388D1 (44), mouse granuloma eosinophils (16) , and human eosinophils (45) . Moreover, Bost et al. (30) demonstrated that stimulation of rat peritoneal macrophages with LPS increased the abundance of SP mRNA. Interestingly, preliminary studies in this laboratory (I.C. and C.P., unpublished data) indicate that exposure of rat lamina propria macrophages to LPS also stimulates release of SP and causes increased expression of SP mRNA.
The in vivo application of toxin A leads to activation of LPMs to release TNF␣, and this activation is inhibited by prior exposure of rats to the SP antagonist CP-96345 in vivo (Fig. 4) . Thus, activation of LPMs in response to toxin A in vivo is mediated, at least in part, by SP. In support of this conclusion we show here that SP can stimulate the secretion of TNF␣ from intestinal LPMs, but that prior activation of LPMs caused by administration of toxin A leads to a marked enhancement of TNF␣ release. The importance of activation in the response to SP has been previously reported. Luber-Narod et al. (46) reported that SP enhances the secretion of TNF␣ from activated neuroglial cells. Lotz et al. (29) showed that physiologic concentrations of SP in vitro stimulate release of interleukin 1 (IL-1) and TNF from human peripheral monocytes, Laurentzi et al. (28) reported that LPS-activated human blood monocytes have a greater response to SP, and Calvo et al. (12) showed that SP enhances IL-2 release from activated human T cells. Prior activation of LPMs in our experiments is also important to the response to SP, because the enhanced TNF␣ secretion was evident only in LPMs obtained from toxin A-injected, not control, loops. This enhanced response of LPMs to SP is inhibited by the SP antagonist, CP-96,345, applied in vitro, indicating that stimulation by SP is mediated via the presence of specific SP receptors on LPMs. The presence of functional, high-affinity binding sites for SP on guinea pig macrophages has been previously shown (14) .
A question of interest is whether prior exposure of LPMs to SP, which is a priming effect of SP, leads to changes in the responsiveness of these cells. A priming effect of SP has been demonstrated by Berman et al. (47) , who showed that exposure of rat peritoneal macrophages to SP, prior to incubation with LPS, results in enhanced release of proinflammatory cytokines.
Another important observation reported here is that the increase in TNF␣ release from LPMs obtained from toxin A-exposed loops can be inhibited by the in vitro addition of the SP antagonist CP-96,345 to the medium, whereas the inactive enantiomer of the SP antagonist is ineffective (Fig. 5) . These results indicate that SP released in vitro from intestinal macrophages can mediate an increase in TNF␣ secretion in these cells in an autocrine or paracrine fashion.
Our evidence that administration of toxin A into rat ileum stimulates an increase in the synthesis of SP in lumbar DRG suggests that it is likely that there is also an increase in release of SP from the terminals of these sensory neurons. The pathway(s) by which signals from the intestinal epithelium are communicated to the sensory nerves is still under investigation. An interesting possibility is that inflammatory mediators, like macrophage inflammatory protein-2 (48), released from intestinal epithelial cells in response to toxin A may directly activate sensory neuronal nerve endings in the intestinal lamina propria. Another source of SP are the intestinal macrophages from the lamina propria (Fig. 3) , but release of SP from these cells involves an activation process that may require participation of sensory neurons or direct activation of LPMs by inflammatory mediators such as macrophage inflammatory protein-2. SP released into the mucosa is likely to interact with receptors on multiple local cells, including intestinal nerves (23); immune cells, including macrophages; mast cells (10); neutrophils (11); as well as intestinal epithelial cells (49) . We postulate that such interactions lead to the initiation and perpetuation of inflammatory diarrhea that characterizes C. difficile toxin A-mediated enteritis.
